Abstract-Dissection of an artery is characterised by the separation of the layers of the arterial wall causing blood to flow within the wall. The incidence rates of thoracic aortic dissection (AoD) are increasing, despite falls in virtually all other manifestations of cardiovascular disease, including abdominal aortic aneurysm (AAA). Dissections involving the ascending aorta (Type A) are a medical emergency and require urgent surgical repair. However, dissections of the descending aorta (Type B) are less lethal and require different clinical management whereby the patient may not be offered surgery unless complicating factors are present. But how do we tell if a patient will develop a complication later on? Currently, there is no consensus and the evidence base is limited. There is an opportunity for computational biomechanics to help clinicians decide as to which cases to repair and which to manage with blood pressure control. In this review article, we look at AoD from both the clinical and biomechanical perspective and discuss some of the recent computational studies of both Type A and B AoD. We then focus more on Type B where the real opportunity for patientspecific modelling exists. Finally, we look ahead at some of the promising areas of research that may help clinicians improve the decision-making process surrounding Type B AoD.
INTRODUCTION
Dissection of an artery is characterised by the separation of the layers of the arterial wall causing blood to flow within the wall. A tear in the wall allows blood to pass into a new cavity called the 'false lumen'.
Dissection can occur in any major artery but it is most common in the thoracic aorta. The management of Aortic Dissection (AoD) is challenging, with uncertainty around which patients should receive surgery and which should be managed conservatively. Despite numerous publications we still do not know (a) precisely what triggers a dissection, (b) how to predict progression of AoD, or (c) how best to treat those diagnosed with certain types of AoD. Furthermore, it can be very difficult to accurately diagnose the disease and in the case of dissections of the ascending aorta, the mortality rate increases by 1% for every hour left untreated. The most recent clinical guidelines 31 offer many recommendations to clinicians, but also identify several critical issues that must be resolved.
In this review article, we will begin by describing the clinical aspects of the disease, before focussing on the computational biomechanics and the potential role of patient-specific modelling in the diagnosis, prognosis and treatment stages of this often fatal condition. We will then look ahead to what may be on the horizon for computational biomechanics of AoD.
THE CLINICAL PERSPECTIVE
The aorta is the body's main conduit. It has a wall comprised of three-layers: the innermost layer (intima) is a smooth surface lined with a single layer of endothelial cells (endothelium) that are in direct contact with the flowing blood. The endothelium is metabolically highly active and helps regulate haemostasis. Besides being a main conduit, the aorta also has a key role in systemic vascular resistance and heart rate via pressure-responsive receptors located in the ascending aorta and aortic arch. When the normal structure of the aorta becomes compromised, aortic disease occurs, with AoD now representing an increasingly common cause of aortic emergencies requiring surgical intervention. 29, 45 Pathogenesis and Natural History
The cause of AoD is poorly understood and is complicated further by its relationship with aortic ulceration, intramural haematoma and aneurysmal dilation. 76 Although cases of AoD are seen in congenital conditions such as Marfan syndrome, the majority of cases are not due to any demonstrable connective tissue disorder and are associated with hypertension, older age and, to a variable extent, atherosclerosis. The role of inflammation, tissue necrosis and calcification in the initiation and progression of AoD is unknown. The initiation of the intimal tear is influenced by the systolic blood pressure and its location probably relates to focal structural weakness. Subsequent propagation of the dissection is thought to be influenced by pulse pressure and cycle frequency. 70 The most common symptom of AoD is severe acute chest and thoracic back pain. This may be associated with either hypertension, or in the event of aortic rupture, hypotension. The dissection may spread into, and sometimes occlude, any of the major branches or the aorta. This complication can give rise to very complex patterns of symptoms due to end-organ ischaemia-including stroke, myocardial infarction, visceral and limb ischaemia. 88 The natural history of AoD depends on the classification (see Fig. 1 ) and in this review we will use the Stanford classification system. Type A is more lethal than Type B, and approximately half of patients with Type A will die within 48 h of the onset of symptoms. 22 As Type A dissections can involve the coronary arteries, additional complications can occur such as myocardial infarction and the aortic valves can become disrupted, leading to acute heart failure. Type A dissection is a medical emergency and surgery should be performed immediately if the patient is medically fit, 22 however, perioperative mortality rates and neurological complications are extremely high at 25 and 18%, respectively. 13, 84 Therefore, as most patients with Type A AoD need surgery, the question becomes how can we improve the pre-surgical planning and post-surgery outcome? Type B dissections are less lethal and patients can often be stabilised with best medical treatment (BMT) to control pain and blood pressure. However, complicating factors present an additional challenge: how can we tell if a patient will develop a complication? Unlike Type A, these patients may not be offered surgery based on clinical factors. Patientspecific modelling may be able to elucidate factors unbeknownst to the clinician to help in the decision process.
Data from the International Registry of Aortic Dissection (IRAD) shows that about 30% of Type B cases develop a complication. 6 Complications include occlusion of branch arteries (visceral, renal or lower limb) and aortic rupture. The risk factors for adverse events and death include: poor blood pressure control, aortic diameter >4 cm on admission, large entry tear size and a patent or partially thrombosed false lumen. 81, 85 Progressive aortic expansion is influenced by intraluminal pressure and in vivo haemodynamics, and is likely to be exacerbated by a lack of false lumen outflow. 12 Ex vivo pressure studies suggest that false lumen pressures are highest with small proximal tears and lack of distal outflow tears.
There are no known biomarkers of Type B AoD and a new method of non-invasively predicting the haemodynamic load on the aortic wall would have real benefits. The long-term prognosis also appears to be variable. Chronic aneurysmal dilation and cumulative mortality is reported in 25-50% of cases within 5 years. 7 There is some evidence that false lumen diameter ‡22 mm is a stronger predictor of late dilation than initial aortic diameter, 79 however, prediction of late adverse events is as uncertain as it is for early complications-again reflecting the need for new approaches.
Management Options
Diagnosis of AoD is usually via medical imaging; beginning with chest radiography and CT, often followed by MRI and/or transoesophageal echocardiography (TOE). Once diagnosed, as mentioned earlier, the management options for Type A AoD is typically urgent repair. With Type B AoDs, a decision must be made as to the severity of the symptoms and the chance of complications; with those considered to be uncomplicated are managed with BMT, whereas surgical intervention, usually thoracic endovascular aortic repair (TEVAR), is the preferred choice in complicated cases. 23 However, the evidence base for this approach is limited.
THE BIOMECHANICAL PERSPECTIVE

Layer-Specific Strength
There are a plethora of studies on the strength and behaviour of healthy aortic tissue, 33, 90, 91 AAA wall tissue and thrombus [62] [63] [64] 83, 90 and thoracic aortic aneurysm (TAA) tissue, 1, 25, 66 however, the data is scarce on tissue excised from AoD cases. Holzapfel et al. 33 performed layer-specific tests of healthy aorta and showed that each layer behaves differently, and Sokolis et al. 78 performed layer-specific uniaxial tensile tests and reported that the intima is much weaker than the media and adventitia. Weisbecker et al. 91 performed layer-specific uniaxial tensile experiments on the thoracic and abdominal aorta, however, although they show that the intimal layer is the stiffest layer; they did not report failure strengths. Pasta et al. 66 performed delamination tests on thoracic aorta tissue samples excised from patients undergoing ATAA repair. They manually created an initial delamination plane (i.e., an intimal tear) and showed a difference in dissection strength between the circumferential and longitudinal directions and effectively measured the separation forces.
Computational Assessment
Computational biomechanical modelling has proven successful in many aortic applications, in particular, AAA. We can compute the stress in the aortic wall using direct [17] [18] [19] [20] 28, 49, 54 and inverse methods 51, 52 or more recently, without any knowledge of material properties. 35 We can also determine the haemodynamics within healthy 92 or diseased aortas. 4, 5, 16, 47 The use of computational modelling in AoD is gaining momentum. In PubMed alone, there are 40 reports since 2005, of which 35 are within the last 5 years (search terms: 'computational', 'aortic', 'dissection'). What is interesting about AoD is that patients are diagnosed using a range of medical imaging modalities from CT to MRI to TOE. This provides a wealth of imaging data for computational studies, often with longitudinal data that is ideal for follow-up patientspecific modelling (see Fig. 2 ).
When modelling is used to investigate either Type A or B AoD, the primary quantities of interest is intramural wall stress (e.g., von Mises stress) or wall shear stress (WSS). From a biomechanical perspective, the intramural stress is relevant as it is this stress that may overcome the strength of the intimal layer to cause the initial entry tear. On the other hand, WSS is of critical importance as it is abnormal WSS that triggers endothelial dysfunction which is then responsible for a host of biological processes.
COMPUTATIONAL BIOMECHANICS OF TYPE A AOD
In Type A cases, the forces acting on the ascending aorta are entirely different to those of the descending aorta (i.e., Type B). The cyclic longitudinal stretching of the aortic root results in large stresses on the ascending aorta and proximal arch region, and computational efforts have focussed on predicting these stresses.
Tissue Stress in Type A AoD A material will fail will the stress exceeds the strength. One of the earlier studies 82 using an idealised geometry, suggested that the longitudinal stress in the wall could be a key cause of circumferentially-orientated tears, which have been reported to be the more common orientation, albeit from a review of autopsies many decades ago. 32 Several studies have used finite element analysis (FEA) to compute the wall stress in the ascending aorta in both idealised 2 and patientspecific geometries. 15, 57, 58 Beller et al. 2 proposed that aortic root motion, which can be as much as 22 mm, aorta, thus increasing the risk of a circumferential tear. Although this was a relatively simple geometric model, the work highlighted a potentially important finding as aortic root motion can be measured noninvasively with angiography. However, this is yet to be demonstrated using patient-specific cases. Whereas there are numerous reports on the wall stress in patient-specific ATAA, 58, 67, 75 there are few studies that assess the wall stress in non-aneurysmal thoracic aortas.
15,57 Nathan et al. 57 examined the thoracic aorta of 47 patients and showed that the wall stress was at a maximum in the ascending aorta near the sinotubular junction and distal to the left subclavian artery, which is where the majority of intimal tears occur. Later, Doyle et al. 15 assessed the wall stress in the thoracic aorta of 50 patients and found that the maximum stresses also occurred in the ascending aorta or aortic arch, which agrees with tear locations reported previously. 34 However, what both studies lack is data on dissected cases or retrospective validation using pre-dissection geometries.
COMPUTATIONAL BIOMECHANICS OF TYPE B AOD
Like in Type A, the tissue stresses in cases of Type B are important and in Fig. 3 we present data showing the wall stress of two different sufferers at different time points.
However, the computational focus in Type B AoD primarily investigates the haemodynamics. Using computational fluid dynamics (CFD), we can estimate the haemodynamic pressure, time averaged WSS (TAWSS), the development of vortical structures 5 or the attachment of monocytes to the endothelium 30 and particle residence time (PRT). 46 The earlier investigations of AoD 26, 27, 69 were limited to idealised geometries and it was not until 2008 and the work of Karmonik et al. 38 that patient-specific geometries were analysed.
38 Figure 4 shows some of our on-going work exploring if low TAWSS can predict complication in Type B AoD.
True-False Lumen Blood Exchange
In AoD there can be a single tear into the false lumen, or often, several (see Fig. 5 ). In Cheng et al. 12 they determined that approximately 80% of the aortic flow entered the false lumen. However, the geometry used had a particularly large false lumen volume extending from the aortic arch to the iliac arteries. They also report on turbulence intensity and found it to peak at 70% in the tear region. In a similar study by Cheng et al., 11 they investigated four cases, each with false lumens extending from the arch to the distal aorta. They show the impact of tear size on flow entering the false lumen and the percentages of flow into the false lumen ranged from 40 to 96% depending on the geometry. 11 Similarly, Chen et al. 9 report that approximately 40% of blood flow passes through the false lumen during each heart beat and estimated the pressure drop at systole in their patient to be 75 mmHg, compared to less than 23 mmHg in healthy thoracic aortas. 65 Using an experimental setup, Tsai These results were obtained using our new computational approach that does not rely on any knowledge of patient-specific material properties. 35 Top row: A case of Type B AoD with intramural haematoma at baseline and 3 months later. The regions of elevated wall stress at baseline expanded rapidly. Bottom row: A typical case of Type B AoD with true and false lumens showing the wall stress at baseline prior to any form of aortic dissection and then 7 years later when the descending aorta had dissected resulting in several tears on the intima (see also Fig. 5 ). Note that the geometries are shown not to scale and different magnitudes of stress are used in the bottom row. The actual geometry used in each analysis is shown alongside. In the top row, the peak wall stress at baseline was~0.3 and 0.9 MPa at follow-up. In the bottom row, the wall stress was significantly higher around the tear locations due to the irregular geometry and high curvature. At baseline, the peak wall stress was~0.4 and >1.5 MPa at follow-up. According to Sokolis et al. 78 the ultimate tensile strength (UTS) of the intimal layer is~0.86 MPa. Also, the wall stress was high in the ascending aorta which also witnessed significant expansion over the 7 years. et al. 87 showed that in the absence of a distal tear allowing blood to pass from the false lumen back into the true lumen, the systolic pressure was higher in the true lumen (111 vs. 106 mmHg) and diastolic pressure was higher in the false lumen (60 vs. 55 mmHg). Without a distal tear, the waveform of the false lumen pressure was dampened compared with true lumen pressure, with higher diastolic pressure but lower systolic pressure. 87 This implies that in the case of small proximal tears and a lack of distal tear, the inflow and outflow conditions may give rise to lumen expansion and potential rupture.
Thrombosis of the False Lumen
Intuitively, one may think it is desirable for the false lumen to thrombose and exclude the false lumen from the blood flow. However, partial false lumen thrombosis is a significant predictor of postdischarge mortality as it promotes inflammation and wall weakening. 86 Partial thrombosis of the false lumen while the true lumen geometry remains unchanged results in large increases in false lumen pressure, thus potentially causing further progression and even rupture. Therefore, predicting cases that will thrombose is an important challenge. In Cheng et al., 11 they use PRT in a patient followed over 28 months and demonstrated that the regions of high PRT correspond with the regions of thrombosis.
Pre-and Post-Treatment
Whereas several papers have investigated the haemodynamics in patient-specific pre-and posttreatment ATAA, few have focused on AoD. Karmonik et al. 39 used a reconstruction from MRI and virtually created different scenarios. First they modelled the case as presented, with entry/exit tears into the false lumen. They then manipulated the geometry to (a) simulate blockage of the exit tear due to thrombosis, (b) cover the entry tear to simulate TEVAR and (c) completely remove the intraluminal septum to represent complete aortic repair. By blocking the entry tear, the pressure in the false lumen 30 and regions of local expansion 16 in AAA. Case shown is the same as Figs. 2 and 3. The WSS was computed using a core of tetrahedral elements and six layers of prisms elements where each layer gets progressively smaller towards the wall. The inlet boundary condition was the velocity profile used in Morris et al. 55 which is originally from Nichols and O'Rourke. 60 essentially diminished, however, due to the restricted true lumen geometry, the blood velocities are high and in this configuration the long term outcomes may not be favourable as the endothelial layer will be subjected to excessive WSS. In the third scenario, which represents expansion of the true lumen due to the placement of a stent-graft, the results show favourable haemodynamics. Chen et al. 8 investigated management via BMT. In this study, the authors compare the haemodynamics in a patient-specific case at initial presentation and after 4 years. They show that over the 4 years the geometry is relatively unchanged and that BMT has lowered pressures and WSS in the geometry. Furthermore, it flattens the large pressure gradient seen initially on the outer wall of the false lumen (which is where most dissections rupture), thus reducing the chance of progression or further complication.
Variations in Modelling Approach
As with many computational biomechanics studies, the approaches vary significantly. 15 For instance, the inlet boundary conditions differ across studies; in Chen et al. 8 they apply an inlet velocity to the ascending aorta using data extracted from Morris et al. 56 which was originally from Di Martino et al.
14 However, this velocity profile was measured in AAA and presumably at the infrarenal location. The same authors then investigate what appears to be the same geometry 9 using a velocity profile measured in 13 healthy cases. 24 It is interesting to note that they find little difference in the peak WSS in each patient (96 and 98 Pa, respectively) despite using very different inlet velocities. In Cheng et al.
11,12 they apply a flow rate measured in the ascending aorta of three patients undergoing repair for atrial septal defect. 68 On the other hand Karmonik et al. [38] [39] [40] [41] [42] [43] use patientspecific phase contrast MRI (pcMRI) measurements as input, which in theory enables the calculation of patient-specific data. However, the computational mesh used in all these reports does not have a refined boundary layer and uses very low numbers of tetrahedral elements throughout the computational domain (~264,000-388,000 elements). Likewise, the work of Tse et al. 89 who investigated a pre and post-aneurysmal dissection case also employ a coarse mesh (84, 209 and 114,148 elements) without a refined boundary layer. Refinement of the mesh in the boundary layer is critical and was shown to change the resulting velocity, pressure and WSS by 9, 30 and 24%, respectively. 9 More recently, Cheng et al.
10 also used pcMRI data while using a highly refined computational mesh with adequate boundary layer. This work perhaps represents the state of the art in computational simulation of Type B AoD. Besides the variations in input boundary conditions, other modelling assumptions impact the resulting data. The application of a pressure wave boundary condition or Windkessel model at the branching outlets compared to the assumption of zero pressure can slightly change results in the same geometry, albeit a change in peak WSS of only 2 Pa in one geometry. 8, 9 Other assumptions such as the Newtonian properties of the blood, the potential effects of turbulent flow and the rigidity of the vessel wall, all have varying effects on simulations and ideally should be investigated in each patient-specific geometry.
THE FUTURE PERSPECTIVE
Patient-Specific Modelling in the Clinic
Patient-specific modelling has the potential to transform the way we diagnose and treat patients, not just in AoD, but across a wide range of clinical problems from orthopaedics 77 to whole body image registration 48 to tumour growth. 50 As mentioned earlier, many cases AoD patients are imaged using several different modalities, thus providing an excellent platform for patient-specific modelling. In the most recent clinical guidelines on AoD, 31 the committee acknowledge that the collaboration of multiple medical specialities is needed. However, there appears to be a role for patient-specific modelling here. Using a variety of different workflows, we can estimate the structural stresses and the blood flow (and therefore, many additional quantities such as WSS, vortices and PRT) in the dissected region. We can also provide estimates of the pressure within the false lumen region and potentially indicate whether or not expansion and/or rupture are likely. Along with more biomechanical experiments to determine the layer-specific failure and delamination strength of the aorta, we can begin to develop risk assessment methods that may help further indicate those likely to develop complications in Type B AoD. Patient-specific modelling also enables device testing prior to surgery, where the clinician can not only size the most appropriate stent-graft based on detailed 3D measurements, but now determine the optimum device based on the resulting haemodynamics also. This is precisely the level of information that clinicians require to inform their management decisions. Furthermore, patient-specific modelling may be useful to indicate those susceptible to AoD by predicting abnormalities in flow or structural stresses early on when the aorta is still relatively healthy.
19,57
Real Time and Large Scale Simulations
In the clinic, it is desirable to have data available almost immediately, especially in the case of emergencies like Type A AoD and in certain cases of Type B AoD. There have been major advances in real time simulations of deformable soft tissues 94 and brain deformation. 36, 37 The trade-off between computational time and accuracy is a major challenge, although recently a method of computing fractional flow reserve (FFR) has reduced the computational time from 5 days to a matter of seconds. 74 Perhaps the biggest challenge is to provide enough evidence that patient-specific modelling can benefit patients of AoD. The PREDICTION Study 80 showed that low WSS in the coronary arteries predicts plaque enlargement and lumen narrowing. They performed CFD on over 500 patients at baseline and follow-up, which represents a tremendous effort. We need to learn from this study and design trials with enough power to show that modelling predicts patients that will have a complication and thus should be surgically repaired, rather than managed with medication.
Functional Imaging and Computational Biomechanics
PET-CT is fast becoming a viable tool to image vascular diseases and predict cases at risk of a clinical event. Uptake of the radiotracer 18F-flurodeoxyglucose (18F-FDG) is an established surrogate for FIGURE 6 . 18F-FDG data of Type B AoD showing a favourable outcome (top) and a complicated case with rapid progression of the dissection 3 months after initial presentation (bottom). The arrows show the dissected regions in the descending aorta. This research was originally published in JNM. Kato et al. 44 Copyright by the Society of Nuclear Medicine and Molecular Imaging, Inc.
inflammation and major advancements have been made since the early work of Sakalihasan et al. 73 In Type B AoD, 18F-FDG was shown to differentiate acute from chronic dissection in clinically unclear cases, 71 be significantly associated with rupture or progression 44 and shown to be a useful imaging marker of complications.
72 Figure 6 shows 18F-FDG data comparing a complicated and uncomplicated cases of Type B AoD.
One of the first reports correlating 18F-FDG uptake and wall stress in five cases of AAA 93 suggested a possible co-localisation of uptake and high wall stress. This was followed by Maier et al. 53 who showed a positive correlation between uptake and wall stress in 18 patients. More recently, Nchimi et al. 59 demonstrated modest positive correlation between uptake and wall stress in 53 patients. Following a different approach, Hardman et al. 30 used CFD and PRT to predict the regions of increased monocyte deposition with a view to linking the data to regions of high uptake. If we can correlate regions of low or high WSS with regions of high uptake, and as 18F-FDG uptake has been shown to be useful in Type B AoD 44, 72 computational modelling could potentially eliminate the requirement for expensive PET-CT in the future. We have begun investigating this hypothesis in patients with various forms of aortic valve disease 21 (see Fig. 7 ).
CONCLUSIONS
When compared to AAA, the literature on computational biomechanics of AoD is scarce. The few reports that are available, highlight the potential of computational modelling, but also reveal many shortcomings. Firstly, the sample sizes need to be increased and we need to devise strategies that continue reducing the computational time so that it is feasible to analyse many cases within a reasonable time frame. Furthermore, we need to plan our studies to ensure we have follow up data to relate computational predictions to clinical events. The future is certainly bright for the use of computational biomechanics in AoD and hopefully FIGURE 7 . Preliminary data correlating 18F-FDG uptake to regions of WSS in a non-dissected thoracic aorta. (a) Coronal CT; (b) corresponding coronal 18F-FDG PET-CT; (c) 3D reconstruction from CT; (d) 18F-FDG uptake mapped to 3D reconstruction; (e) WSS distributions computed with CFD. The WSS data was computed using a similar meshing and modelling approach to that briefly described in Fig. 4. the same impact can be made on this disease as was seen in AAA over the past few decades. Efforts are underway to show the true potential of patient-specific modelling in AoD and perhaps over the coming years we may see some changes to the diagnosis and management of the disease. However, until we can provide robust evidence, computational biomechanics will remain but a promising research tool in aortic dissection.
